the animals were placed in the right lateral decubitus position on a microscopc stand. The surface of the lung was illuminated by the collimated beam from a 200-W mercury arc lamp heavily filtered to prevent tissue damage with a combination of dichroic infrared reflecting filters. broad band pass UV absorbing filtcrs. and a narrow band pass 550-nm interference filter to illuminate the lung only with the mercury green line. This wavelength is sufficiently absorbed by H b to increase the contrast between the erythrocytes and the surrounding tissue (16) and is at the peak of retinal photopic spectral sensitivity, making it useful for visual observation. Alveolar capillaries were studied through the window with a Lcitz Ultropak microscope ( X 10 eyepiece, x l l objective).
T o quantify capillary recruitment. an image-splitting device (Leitz drawing attachment) was coupled to the microscope. This device permitted the observer to view simultaneously the magnified image of the surface of the lung and a sheet of drawing paper beside the microscopc. A tracing was made of the outlines of four to 10 adjoining alveoli and of only those capillaries within the outlines that were perfused by red blood cells. Tracings were made during end expiration of perfused capillaries in the same alveolar walls during normoxic and hypoxic conditions. T o determine whether the gas exchange surface area changed during each observation period, measurements were made of the total length of the perfuscd capillaries from the tracings using a digitizing pad (Houston Instrument Truegrid 10 17 Austin. TX). planimetry software (Sigmascan, Jandcl Scientific. San Rafael. CA), and an IBM AT computer. The area ofthe observed alveolar wall was also measured using the same system. Because subpleural alveolar facets in the upper lung of the lamb can be approximated by flat disks with a n average diameter of -80 pm and an area of -5000 pm', the alveolar wall area was divided by 5000 pm' to obtain the number of average walls in the area of observation [these dimensions were obtained from alveoli ( n = 31 I ) measured in three animals]. This normalization permitted us to compare results between individual alveoli and bctween animals. Dividing the total length of perfused capillaries by the normalized alveolar area indicated how many times perfused capillaries crossed an average alveolar wall at its diameter. For example, a CPI of 80 pm can be visualized as a capillary path length that would cross the diameter of an 80-pm average alveolar facet once, whereas a CPI of 240 pm would mean that an average alveolar wall could be crossed three times at its diameter. CPI is defined mathematically as follows:
C perfuscd capillary lenghts (pm) CPI (pm) = alveolar wall area (pm')/5000 (pm2)
This index has proven to be a useful indicator of capillary recruitment (1) (2) (3) (4) (5) (6) 15) . At the conclusion of the studies, the lambs were given a large i.v. bolus of pentobarbital sodium followed by concentrated potassium chloride solution. The study protocol was approved by the Animal Care and Use Committee of the Indiana University School of Medicine.
Monotonic trends bctween variables were tested by the nonparametric ranking tcst of Spearman. Paired data from normoxic and hypoxic treatments wcre compared by the two-tailed t tcst.
RESULTS
We successfully completed studies in 13 lambs (1.5-6 1 d old). The physiologic variables are summarized in Table 1 . As expected, airway hypoxia caused pulmonary arterial pressure to increase significantly in all animals ( p < 0.001). Capillary recruitment determined by the CPI during control conditions (normal pulmonary arterial pressure) and hypoxia (elevated pulmonary arterial pressure) is shown in Figure I for each of the lambs less than I0 d old. CPI did not change significantly [control = 257 f I2 (SEM), hypoxia = 245 + 2 1 pni, p = 0.141, indicating that there was no capillary recruitment during hypoxia. In the older animals ( Fig. 2) , CPI increased by 46% [control = 194 f 26, hypoxia = 283 2 27 pm ( p < 0.01)], demonstrating that these animals wcre capable of recruiting capillaries in response to increased pulmonary arterial pressure. Technical difficulties prevented us from obtaining cardiac output measurements in all animals. especially the ones >2O d old, which tended to become hemodynamically unstable when the green dye was injected. The measurements we successfully made in five Iambs < I 0 d old (control = 294 + 62 mL/min/kg, hypoxia = 252 + 50 mL/min/ kg) did not differ from the results of other investigators (1 7). In the youngest lamb (1.5 d old), hypoxia produced an increase in pulmonary arterial pressure by 23% with no change in cardiac output, whereas CPI decreased by 30%. This finding may have been related to the presence of a patent ductus arteriosus, although functional closure of the ductus normally occurs after the first day of life in newborn lambs (18) . If a patent ductus was present, the resulting right-to-left shunt and reduction of pulmonary blood flow would have accounted for the capillary derccruitment in this individual.
DISCUSSION
Our direct microscopic observations of the pulmonary capillaries in neonatal lambs showed that in the youngest lambs (<I0 d old) capillary rccruitment did not occur during hypoxia despite significant increases in pulmonary arterial pressure. In every one of the older lambs (>20 d old), there was considerable capillary recruitment when pulmonary arterial pressure rose. These findings suggest that the potential for recruitment begins to develop soon after birth and continues developing rapidly as the lamb grows. The recruited vessels were only capillaries and did not include arterioles and venules. which wcre always perfuscd. The finding that rccruitment occurred exclusively in the capillaries is similar to the recruitment pattern found in the adult dog (1 5).
Because our observations were limited to the subpleural microcirculation, where the capillary nctwork is less dense than in the interior (19) (20) (21) , it is important to consider whether our conclusions are applicable to capillarics throughout the lung. Overholser c l~(~l . (22) analyzed three models of capillary anatomy (sheet flow, interconnected Y-tubes, and parallel channels) to investigate the efTect of different segment densities on network resistance as might exist in surface vc,r:slr.s interior capillary bcds. They concluded that the differences in network anatomy caused resistance differences that tended to offset each other in a way that resulted in all networks acting similarly. This analysis, combined with the lack of evidence that there are structural differences in the walls of subpleural and interior capillaries. makes it likely that capillary recruitment would occur similarly in both subpleural and interior capillary bcds.
Capillary recruitment potential in lambs during the neonatal period has been studied by a number of investigators who used either the collection of lung lymph or the measurement of diffusing capacity to estimate changes in capillary volume. Both of these indirect methods have the advantage of sampling the entire perfused capillary bcd. In the newborn lamb, the ml?jority of investigators agree that capillary recruitmcnt does not occur during hypoxia (7, 9, lo), or with increased pulmonary blood flow ( I 1, 12) . or when left atrial pressure is increased (7, 1 1, 12) . One study of particular interest is that of Teague c. 1 (11. (8) . who found that a 20% increase in pulmonary blood flow in 13-to 20-d-old lambs caused -40% increase in lymph flow with an unchanged lymph-to-plasma protein ratio. This observation suggested that lung microvascular surface area expanded. The ages of their animals (13-20 d ) fell in between our age groups and indicated that the ability to recruit began sometime shortly after the first week of life. In sum, the consensus from the literature strongly suggests that newborn lambs have a fully recruited capillary bed even at rest.
More mature lambs and sheep can recruit capillaries. That comparison is clearly made in the elegant study of Nelin ct ul. ( I I), in which the diffusing capacity of the lung for carbon monoxide was measured in younE lambs and adult sheer, before Our observations support these indirect measures of capillary volume and enable us to specify that the increased capillary volume occurs via recruitment of individual capillary segments. The capillary recruitment reserve in the older lambs developed in a curious way. The younger lambs both during control and hypoxic conditions and the older lambs during hypoxic conditions all had CPI that were not significantly different from each other (Fig. 3) . During control conditions in the older lambs. however, the CPI was significantly below all other measurements (Fig. 3) , effectively leaving capillaries unperfused during control conditions. These reserve capillaries then became available for recruitment when pulmonary arterial pressurc was increased. Our observations. combined with the work of other investigators, strongly suggest that as the lambs mature they develop the capacity to increase their capillary volume via capillary recruitment. Because this pulmonary circulatory change occurs so rapidly after birth, the age ofthe animals is an important concern when studies of the neonate are performed.
There are several cardiopulmonary alterations that occur during the neonatal period that could account for the developmcnt of the ability to recruit capillaries in the older lambs. A likely possibility is that. after birth, additional lung grows at a faster rate than cardiac output increases. Support for this idea comes from two sources. First. the morphometric analysis by Davies ct 01. (23) showed that capillary volume quadrupled in the first 20 d of life and body weight doubled. Second, Pitt ct (11. (24) showed that there was significant postnatal growth of the pulmonary microcirculation as reflected by the developmcnt of angiotensin converting enzyme. Another potential explanation for recruitment occurring only in older lambs is that in the youngest group of lambs, cardiac output did not increase with hypoxia. Teague PI ul. (8) showed that recruitment occurred when flow was hypoxia m Lambs < 10 d a y s Lambs > 20 d a y s and after pulmonary blood flow was increased or l&t atrial Fig. 3 . The levels of capillary recruitment as measured by CPI were pressure was elevated. Neither maneuver increased diffusing not significantly difrerent from each other except for the older lambs capacity in the lambs, but both treatments increased capillary during control conditions; in that case, the CPI was significantly lower volume in the adult sheep.
(*, p < 0.01) than any of the other mcasurements.
increased in 13-to 20-d-old lambs. If output increased in the older lambs during hypoxia, this hemodynamic change could have explained the recruitment that occurred. It is unfortunate that technical difficulties prevented us from obtaining cardiac output measurements. Finally. we have shown in previous studies (6) in the adult dog that recruitment occurred in the upper lung if pulmonary arterial pressure was elevated and conversely fewer capillaries were perfused if pressure was reduced. The recruitment was caused by an upward redistribution of blood flow. a characteristic of airway hypoxia that also occurs in the lamb (9) . As the lambs mature, the combination of lower pulmonary arterial pressure and the growth of additional lung wol!ld conlbine to reduce upper lung perfusion and leave capillaries available for recruitment. Although the design of the present study does not permit us to determine how much each of these changes contributes to the recruitment reserve in the older lambs. the following sequence seems plausible and is consistent with available data. In the first 10 d of life, the entire pulmonary capillary bed is completely recruited. This is caused by a combination of somewhat elevated pulmonary arterial pressures and a small lung. As perfusion pressures drops and the lung grows rapidly during the first 3 wk after birth, zone 2 perfusion conditions develop in the upper lung where pulmonary arterial pressure > alveolar pressure > pulmonary venous pressure. The reduced flow in this zone leaves some capillaries unperfused during basal conditions that can be recruited when pressure rises. The high level of capillary perfusion was particularly impressive in the youngest lambs. The perfused capillaries were so close together that it was difficult to imagine there was room in the alveolar wall for unpcrfused capillary segments. A second perfusion characteristic of the younger lambs was the rapid transit of red blood cells across the capillary network. Although we did not measure those transit times, it appeared that the mean transit times were < I s, which would likely place the most rapid transit times near the pulmonary diffusion limit that occurs when transit times drop below about 0.25 s (25). The rapid transit times and full recruitment combined in a way that left little reserve in the gas exchange vessels. The rapid development of pulmonary capillary reserve in the first 2 wk of life helps overcome the fragile gas exchange conditions that exist during the neonatal
